The structural and nonlinear optical properties of a new anilinium hybrid crystal of chemical formula (C 6 H 7 NCl + ÁNO 3 À ) 3 have been investigated. The crystal structure was determined from single-crystal X-ray diffraction measurements performed at a temperature of 100 K which show that the compound crystallizes in a noncentrosymmetric space group (Pna2 1 ). The structural analysis was coupled with Hirshfeld surface analysis to evaluate the contribution of the different intermolecular interactions to the formation of supramolecular assemblies in the solid state that exhibit nonlinear optical features. This analysis reveals that the studied compound is characterized by a three-dimensional network of hydrogen bonds and the main contributions are provided by the OÁ Á ÁH, CÁ Á ÁH, HÁ Á ÁH and ClÁ Á ÁH interactions, which alone represent $85% of the total contributions to the Hirshfeld surfaces. It is noteworthy that the halogenÁ Á ÁH contributions are quite comparable with those of the HÁ Á ÁH contacts. The nonlinear optical properties were investigated by nonlinear diffuse femtosecond-pulse reflectometry and the obtained results were compared with those of the reference material LiNbO 3 . The hybrid crystals exhibit notable second (SHG) and third (THG) harmonic generation which confirms its polarity is generated by the different intermolecular interactions. These measurements also highlight that the THG signal of the new anilinium compound normalized to its SHG counterpart is more pronounced than for LiNbO 3 .
Introduction
Organic-inorganic hybrid materials have been extensively investigated due to their remarkable, versatile properties. Among others, anilinium derivatives have received considerable attention in recent years, due to their interesting applications as starting materials in multiple industrial and pharmaceutical processes (Below et al., 2004; Yunnikova et al., 2013) . The anilinium halides are used as precursors in the synthesis of azo dyes, pigments, pesticides, insecticides, antioxidants and cosmetic products (Cao et al., 2012; Wang et al., 2010) . m-Chloroaniline is for example used as a precursor for the production of the widely used antimicrobial and bactericide chlorohexidine (Bayar et al., 2017) .
These compounds are also used in the elaboration of optoelectronic devices, in particular with a focus on nonlinear optical (NLO) features. A pronounced NLO efficiency in these materials is correlated to the high polarizability of the -conjugated molecules of the organic part and to the extended network of intermolecular interactions between the organic cations and the inorganic anions, which promotes charge transfer within the materials. These compounds have been well studied because of the ease of synthetic approaches, their chemical and mechanical stability and their ability to crystallize in noncentrosymmetric structures appropriate for even-order NLO applications. Although the development of anilinium derivative systems continues to grow and is the main research topic of several research groups, a search of the Cambridge Structural Database (CSD, ConQuest Version 1.22; Allen, 2002; Groom et al., 2016) for crystal structures containing chloroanilinium molecules results in 37 hits with only seven compounds crystallizing in noncentrosymmetric space groups. Based on our experience in the synthesis of anilinium derivative hybrid compounds (Bendeif et al., 2005; Boutobba et al., 2010; Dadda et al., 2012; Takouachet et al., 2016) we prepared a new chloroanilinium nitrate compound: tri(o-chloroanilinium nitrate), (C 6 H 7 NCl + ÁNO 3 À ) 3 , named hereafter o-ClAN. The combination of the organic anilinium with the inorganic planar NO 3 À anion is expected to yield enhanced NLO properties with respect to nonplanar anions (Bouchouit et al., 2010) if crystallization in a noncentrosymmetric space group is achieved.
Experimental

Synthesis and crystallization
Crystals of o-ClAN ( Fig. 1) were obtained by adding nitric acid to an aqueous solution containing o-chloroaniline in a 1:1 stoichiometric ratio. After three weeks of slow evaporation at room temperature, small brown single crystals appeared. All chemicals (reagents and solvents) used for the synthesis were purchased from Sigma Aldrich, and used without further purification.
Single-crystal X-ray diffraction measurements
The single-crystal X-ray diffraction experiments were performed at 100 K on a SuperNova dual wavelength microfocus diffractometer equipped with a 135 mm Atlas CCD detector, using Mo K radiation ( = 0.71073 Å ). To ensure high redundancies, the intensity data were accurately collected using ! oscillation scans of 1 per frame repeated at different ' positions. The exposure time was 30 s per frame. The CrysAlis program suite (Rigaku Oxford Diffraction, 2017) was used for the unit-cell determination, data reduction and analytical absorption corrections. The diffraction frames were indexed and integrated yielding 117559 reflections up to a maximum resolution of sin max / = 0.864 Å À1 and merged to 13028 unique reflections (R int = 0.072) with a coverage of reciprocal space of more than 99.6%. The corresponding structure was solved in the space group Pna2 1 by direct methods and successive Fourier difference syntheses and refined against F 2 by weighted full-matrix least-squares methods using the SHELXL97 program (Sheldrick, 2008) . All non-H atoms were refined anisotropically. All calculations were carried out using the WinGX software package (Farrugia, 1999) . The crystallographic data, measurements and refinement details are summarized in Table 1 
Figure 1
A view of the asymmetric unit of o-ClAN with the atom-numbering scheme. Dashed lines indicate hydrogen bonds and halogen-oxygen interactions.
Hirshfeld surface calculations
The Hirshfeld surface is a useful concept for describing the influence of molecular interactions by partitioning the total electron density in the crystal into molecular fragments where the electron distribution of a sum of spherical atoms for the molecule dominates the corresponding sum over the crystal (Hirshfeld, 1977; Spackman & Jayatilaka, 2009 ). Thus, the Hirshfeld surfaces can be considered as the boundaries delimiting the space occupied by the molecular electron density from those of its neighbouring molecules in a crystal. The size and shape of the Hirshfeld surfaces also allow qualitative and quantitative investigations as well as visualization of the different intermolecular interactions. The Hirshfeld surfaces presented in this work were calculated with the program Crystal Explorer (Wolff et al., 2012) and are mapped using the normalized contact distance (d norm ), which is calculated using the following formula:
where d norm represents the sum of the distances of any surface point to the nearest external (d e ) and internal (d i ) atoms, normalized by the van der Waals radii of the atoms. It is also worth noting that Hirshfeld surface maps are characterized by a red-blue-white colour scheme: red regions represent closer contacts and a negative d norm value; blue regions represent longer contacts and a positive d norm value; and white regions correspond to interactions with bond lengths exactly equivalent to the van der Waals separation and a d norm value of zero. From the three-dimensional d norm surface, we can obtain two-dimensional fingerprint plots, allowing easy attribution and quantitative analysis of the contribution of all intermolecular contacts at the same time. Thus, these twodimensional plots summarize the nature and type as well as the contributions of all intermolecular interactions.
UV-visible spectra
The UV-visible spectra of o-chloroaniline and o-ClAN samples are shown in Fig. 2 . The o-chloroaniline compound has been measured for comparison. The measurements were performed in a 10 mm quartz cell using a solution of low concentration (c = 10 À5 mol l À1 ), obtained by dissolving the compounds in ethanol. The measurements were recorded at room temperature in the 250-900 nm range using a Cary 4000 Varian UV-visible spectrophotometer. The spectra display mainly two absorption maxima at 293 and 350 nm for o-chloroaniline and 269 nm and a broadband peak centred at 450 nm for the hybrid compound (o-ClAN). The high-energy absorption bands are assigned to the !* transition and are attributed to the aromatic entities, while the lower-energy absorption bands are assigned to the n!* transition. We observe thus a clear red shift of the low-energy band when forming the o-ClAN salt.
Nonlinear optical measurement
Further structural information regarding the polarity of the sample was acquired through nonlinear diffuse reflectometry at room temperature. For more details, see Kijatkin et al. (2017) . For characterization, as-synthesized dry o-ClAN salt was compressed into a pellet for later irradiation. Using regeneratively amplified and spectrally tunable femtosecond pulses from a Ti:sapphire laser system with a successive optical parametric amplifier (OPA) (Astrella HE+, Coherent Inc. and TOPAS Prime, Light Conversion), light was focused onto the sample surface. Incident peak intensities of the order of 10 14 W m À2 with a time-averaged power of 59 mW at = 1400 nm were applied for the generation of efficient second (SHG) and third harmonic emission (THG). Diffusely emitted light was collected at a small angle with a glass fibre and coupled into a spectrograph (IsoPlane SCT320 and PIXIS:2KBUV, Princeton Instruments). In order to compare absolute harmonic emission intensities, a second pellet was prepared from LiNbO 3 :Mg nanopowder (henceforth abbreviated as LNO, particle diameter approximately 70 nm) whose NLO properties have been well investigated (Staedler et al., 2012; Joulaud et al., 2013; Dutto et al., 2011; Rogov et al., 2015; Bonacina, 2013) .
Results and discussion
Structure and crystal packing
The asymmetric unit of o-ClAN consists of three structurally independent o-chloroanilinium cations (ClA-1: C1 to C6, ClA-2: C7 to C12 and ClA-3: C13 to C18) and three nitrate anions (N4-O1 to O3, N5-O4 to O6 and N6-O7 to O9) (Fig. 1) . The organic cations and the nitrate anions are interconnected through hydrogen bonds and halogen-oxygen interactions (Fig. 3) . This type of interaction has been observed in only one structure containing the o-chloroanilinium cation (Balamurugan et al., 2010) among the five structures deposited in the CSD (Allen, 2002; Groom et al., 2016) . The crystal packing of o-ClAN is built of anionic zigzag chains formed by the nitrate anions alternating with the o-chloroanilinium cations stacked in layers parallel to the crystallographic c axis (Fig. 4) . The three o-chloroanilinium cations are similar and show geometrical features typical of those observed in similar compounds (Bendeif et al., 2005; Boutobba et al., 2010; Dadda et al., 2012; Takouachet et al., 2016) . The average C-N bond length for the o-chloroanilinium cations [1.456 (2) Å ] (Table 2 ) is long compared with that observed for the o-chloroaniline compound [1.375 (2) Å ] (Nayak et al., 2009) , indicating that the proton is transferred from the nitric acid to the amino group of the o-chloroaniline moieties. Compared with the o-chloroaniline structure (Nayak et al., 2009) , the internal C-C-C angles at the halogen atoms decrease significantly [120.23 (2) versus 123.3 (5) ] and the internal C-C-C angles at ammonium groups increase [120.39 (13) Hydrogen-bonding geometry (Å , ). (2) 138 (2) Symmetry codes: (i) x, y À 1, z; (ii) Àx + 1/2, y À 1/2, z + 1/2; (iii) x À 1/2, Ày + 3/2, z.
involvement of Cl atoms in relatively short ClÁ Á ÁO halogen-oxygen interactions [Cl1Á Á ÁO7 = 3.087 (2) Å , Cl2Á Á ÁO6 = 3.084 (2) Å and Cl3Á Á ÁO1 = 3.288 (2) Å ]. It is noteworthy that the three cations (ClA-1, ClA-2 and ClA3) form through their ammonium groups (N1, N2 and N3) four N-HÁ Á ÁO hydrogen bonds with three different NO 3 À anionic neighbours (Table 3) . Such intermolecular interactions produce ring motifs R 5 3 ð16Þ between the organic cations and the nitrate anions (Fig. 4) .
The geometrical features of the three nitrate entities show a distorted sp 2 configuration. The O-N-O angles are relatively similar, ranging from 117.41 (16) to 122.24 (16) . Each NO 3 À anion is characterized by one shorter N-O bond length and two longer ones (see Table 2 for more details). These significant differences in N-O distances [ranging from 1.227 (2) Å to 1.278 (2) Å ] can be explained by the fact that the longest N-O bond lengths (Table 2) correspond to O atoms involved in hydrogen bonds; however the shortest ones (N4-O3, N5-O5 and N6) correspond to those not implicated in any intermolecular interactions with organic cations. This behaviour was also reported in a 4-nitroanilinium nitrate structure (Perpé tuo & Janczak, 2004) .
Molecular Hirshfeld surfaces
The Hirshfeld surfaces of o-ClAN were mapped over d norm (0.5 to 1.5 Å ) and are illustrated in Fig. 5 . The red circular depressions visible in the front and back surface views indicate hydrogen-bonding contacts (Fig. 5) . The strongest and shortest interactions between N-H (N1-H1A, N2-H2A, N3-H3A and N3-H3C) and O (O2, O6 and O8) atoms manifest in the Hirshfeld surfaces as the eight bright red areas. The other visible spots on the surfaces correspond to weak C-HÁ Á ÁO and C-HÁ Á ÁCl hydrogen bonds.
The two-dimensional fingerprint plots are used for identification and separation of intermolecular interactions and the relative contributions of these interactions can be obtained from the area of the surfaces. The two-dimensional fingerprint plots of the studied compound are shown in Fig. 6 .
The OÁ Á ÁH/HÁ Á ÁO contacts, which are attributed to N-HÁ Á ÁO hydrogen-bonding interactions, appear as two sharp symmetric spikes in the two-dimensional fingerprint maps (Fig. 6b) . They have the most significant contribution to the total Hirshfeld surfaces, accounting for more than 40.9%. The presence of these long spikes is characteristic of strong and short hydrogen bonds associated with the cation-anion interactions (Table 3) . Moreover, significant contributions to the surfaces are made by the HÁ Á ÁC/CÁ Á ÁH contacts that appear as symmetrical wings (Fig. 6c ) in the fingerprint plots and have a contribution of 19% to the total Hirshfeld surface. The HÁ Á ÁH contacts appear in the middle of the scattered points in the two-dimensional fingerprint maps (Fig. 6d ). They were found to be the third highest contributors towards the Hirshfeld surface, after the HÁ Á ÁO/OÁ Á ÁH and HÁ Á ÁC/CÁ Á ÁH contacts, covering 13.9%. It is important to note that this analysis reveals a significant contribution of HÁ Á Áhalogen interactions (10.9%) comparable with that of HÁ Á ÁH contacts. The HÁ Á Áhalogen interactions appear as wings on the top left (HÁ Á ÁCl) and bottom right (ClÁ Á ÁH) of the two-dimensional fingerprint plots (Fig. 6e) . Apart from the above interactions, other interactions (ClÁ Á ÁC/CÁ Á ÁCl, OÁ Á ÁO, ClÁ Á ÁO/OÁ Á ÁCl, NÁ Á ÁH/HÁ Á ÁN and CÁ Á ÁC) are also observed and are highlighted in Figs. 6(f)-6(j). Their contributions are less than 5% of the total area of the Hirshfeld surface.
From this analysis, we observe that the major contributions come from the four molecular interactions mentioned above, namely OÁ Á ÁH/HÁ Á ÁO, HÁ Á ÁC/CÁ Á ÁH, HÁ Á ÁH and ClÁ Á ÁH/ HÁ Á ÁCl. These interactions represent $85% of the total contributions to the Hirshfeld surfaces and show the diversity of the intermolecular interactions leading to the unusual NLO properties of this molecular compound. It has also been shown that the efficiency of the hydrogen-bond interactions plays a key role in the significant enhancement of NLO properties compared with similar compounds (Bouchouit et al., 2010; Sajan et al., 2010; Tanak et al., 2014) .
NLO properties
Upon irradiation with femtosecond pulses (incident peak intensities of the order of 10 14 W m À2 with a time-averaged power of 59 mW at = 1400 nm), the o-ClAN hybrid crystal exhibits notable second and third harmonic generation at wavelengths of 700 and 467 nm, respectively. This is underlined by the measured harmonic ratio f R [see Kijatkin et al. (2017) for the definition of f R ] ranging up to 5.6 Â 10 7 which approaches that of LNO, 1.0 Â 10 9 . This finding has two consequences: (i) because f R is well above unity, this measurement confirms the polarity of the o-ClAN compound (Kijatkin et al., 2017) , generated by the different intermolecular interactions discussed above, and (ii) the THG signal of o-ClAN normalized to its SHG counterpart is more pronounced than for LNO. Visual inspection confirms this finding: whereas LNO irradiated with a wavelength = 1400 nm appears in a red-magenta hue, o-ClAN incorporates relatively larger cyan components at 467 nm, thereby appearing in a more blue hue. However, the NLO signal of the o-ClAN compound is highly time-dependent and deteriorates significantly upon prolonged exposure (Fig. 7) .
During exposure, thermal damage of o-ClAN was observed at the irradiated spot which is the likely cause of the timedependent decline of harmonic signals. Based on the absorption spectra (Fig. 2) , significant THG as well as additional SHG absorption can be expected. Similarly, further energy deposition at the fundamental wavelength cannot be entirely excluded. The localized heating of this material leads to irreversible damage of the crystal structure. In order to remedy or at least improve the laser resistance, the excitation-emission- absorption wavelength triplet should be tuned to a more favourable configuration, possibly further into the (infra-)red spectral region. Alternatively, by reducing the mean power while still maintaining the same peak intensity, i.e. by lessening the pulse repetition rate, the overall exposure decreases at no cost to the nonlinear emission, thereby improving heat dissipation inside the material.
In contrast, LNO showed neither signal nor sample degradation over time. Moving the excitation spot on the o-ClAN pellet surface showed significant fluctuations in the overall emitted nonlinear signal. This can be related to the inhomogeneous surface of the o-ClAN sample (Fig. 7, left) which is only selectively illuminated.
Additional measurements at different positions on the sample revealed that the o-ClAN compound can occasionally challenge harmonic emission of polar materials for short timescales. In terms of the emitted SHG signal at an incident wavelength = 1400 nm, o-ClAN typically has between 1/10 and 1/300 of the conversion efficiency of the LNO nanocrystalline powder sample.
Conclusion
In summary, we have reported in this work the synthesis, structural characterization and NLO properties of an anilinium organic-inorganic crystal of formula (C 6 H 7 NCl + ÁNO À 3 ) 3 (o-ClAN). The elaboration of this material was driven by the association of two molecular entities characterized by an electronic configuration favourable to charge transfer, therefore allowing high polarizability which is expected to yield enhanced NLO properties.
The accurate structural analysis performed at low temperature (100 K) shows that the crystal structure can be described in a pyroelectric crystalline symmetry class. The Hirshfeld surface analysis coupled with the structural investigation reveals that crystal packing is characterized by a three-dimensional network of hydrogen bonds and the main contributions are provided by the OÁ Á ÁH, CÁ Á ÁH, HÁ Á ÁH and ClÁ Á ÁH interactions, which alone represent $85% of the total contributions to the Hirshfeld surfaces. The different intermolecular interactions acting in accordance with the significant and directional HÁ Á ÁH and HÁ Á Áhalogen contacts are responsible for steering molecules in the noncentrosymmetric space group, leading to interesting NLO properties. The NLO measurements show that o-ClAN exhibits remarkable second and third harmonic generation which confirms its polarity which is driven by the different intermolecular interactions. The obtained results were also compared with those of the reference material LiNbO 3 and show that the THG to SHG ratio of the studied compound is more pronounced than for LiNbO 3 .
